Military quarters and barracks are representative of housing units where the same plan is repeated, and thus prefabricated housing production can be effectively applied. These housing units are required to be disassembled and recycled as military forces are frequently reorganized and deployed to perform military actions. In order to meet these needs, this study proposes a systematic approach for the design of modular military housing units based on Six-Sigma concept. The application of the Six-Sigma to modular military housing units allows customers' needs to be reflected on the critical to quality, which summarizes the main design requirements, and the design concept of the modular units can be developed based on the derived critical to qualities. To evaluate the effectiveness of the proposed approach, a representative example of military housing units is chosen and designed by utilizing the new modular units developed through this procedure. The weight of frames per unit area and factory manufacturing ratio of the new design are analyzed. The results of the comparison show that the use of the new modular units not only reduces construction cost significantly, but also greatly improves the quality of construction.
INTRODUCTION
Modular construction can be defined as three-dimensional volumetric units that can be manufactured in a factory, delivered to the construction site and assembled as the main structural elements of the building. [1] It has been widely applied to many different types of building construction in Europe and Japan. In Korea, it has been applied mainly to school buildings and military facilities. [2] Military barracks and bachelor officers' quarters (BOQs) are representative housing units that use the same plan repeatedly, which makes them good candidates for prefabricated housing production. These housing units must be disassembled and recycled because military forces are frequently reorganized and deployed to various locations. In Korea, the military owns 100,000 buildings nationwide, for a total area of 25.2 million m2, but approximately 30% of the building 1) Associate Professor, PhD, Department of Architectural Engineering, Ajou University, 206 Worldcup-ro, Yeongtong-gu, Suwon-si, Gyeonggi-do 16499, South Korea (E-mail: bhcho@ajou.ac.kr, C.P.: 82-10-3801-4912) 2),* Associate Professor, PhD, Department of Architectural Engineering, Kyung Hee University, 1732, Deogyeongdaero, Giheung-gu, Yongin-si, Gyeonggi-do 17104, South Korea (Corresponding author, E-mail: djkim@khu.ac.kr, Tel.: 82-31-201-3329, C.P.: 82-10-2604-3329, Fax: 82-31-202-8854) 3) Principal Researcher, PhD, Steel Solution Center, POSCO, 100 Songdogwahak-ro, Yeonsu-gu, Incheon 21985, South Korea (E-mail: hath@posco.com, C.P.: 82-10- facilities are more than 20 years old. Therefore, new construction methods are needed to improve the quality of military facilities. For this purpose, modular construction has been applied in Korea to the construction of platoon barracks, military offices, battalion barracks, and BOQs, as shown in Fig.1 . In applying modular construction to military facilities, the important factors are cost reduction through the standardization of construction units and reusability of the construction elements that are disassembled at the end of their useful life. Most existing military modular construction facilities in Korea fail to meet those requirements. [3] In order to address this issue, this study develops new military housing units based on the socalled Six-Sigma methodology [4] . The Six-Sigma was first developed by Motorola in the 1980s [5] and became well-known in the 1990s when Jack Welch applied it to develop strategies for his company, General Electric. The application of the Six-Sigma to modular military housing units allows customers' needs to be reflected on the critical to quality, which summarizes the main design requirements. The design concept of the modular units can be developed based on the critical to qualities (CTQs). To evaluate the effectiveness of the proposed approach, a representative example of military quarters is chosen and designed by utilizing both the new modular units developed through this procedure, and existing modular units. The frame mass per unit area and prefabrication ratio of the two cases are compared and analyzed.
DERIVATION OF CTQ FOR MODULAR MILITARY HOUSING
In order to derive the requirements for modular military housing units, potential customers are grouped into one of two categories such as external and internal customers. The former consists of design firms, module manufacturers and contractors, and the latter includes owners and residents. The requirements of the two customer groups for the modular military housing are listed in Table 1 , which summarizes the results of customer interviews. In the table, "raw data", which is also called voice of customers, represents the customers' opinions on existing military modular units, and "required quality" refers to the quality of the product required to reflect the customers' opinions. The required quality derived from the voice of customer (VOC) in the interviews can be converted to quality characteristics for design through the house of quality (HOQ) structure illustrated in Fig. 2 . The HOQ organizes items based on the required qualities given in Table 1 . The importance and satisfaction of each item are assessed through a survey of customers. Fig. 3 shows the importance and satisfaction evaluation on the customers' requirements. The items "short construction period," "easy to disassemble," "compatible to other modules" and "low construction cost" are considered to be highly important, but the evaluations on the performance of the existing system regarding these items receive low ratings. Based on these results, Table 2 provides the priority rating on the customers' required qualities. From the results of the table, items with high priority are found to be "easy to disassemble," "reduction of construction cost" and "shortening of construction period."
This study uses the quality function deployment (QFD) methodology to convert customers' required qualities into the quality characteristics of the products to be developed. The QFD methodology is a tool that can make a quantitative evaluation on the relation between the customer required qualities and product characteristics using a correlation matrix. [6] The results of the analysis using the correlation matrix are provided in Table 3 . From the correlation analysis, parameters that are critical to quality from the customers' perspective can be derived. Among the 11 quality characteristics in the table, the top 6 are selected as the parameters critical to quality (CTQs) and used to set up development targets.
Next, the development targets can be set by analyzing the current levels of the potential CTQs in Table 3 and performing a benchmarking analysis. The benchmark target of this study is set by referring to a military modular system developed by a UK-based company Corus Living Solutions (CLS). [7] The target levels of the potential CTQs are summarized in Table 4 . Among them, "No. of module types," "No. of types of structural members," and "No. of connections during on-site construction" are difficult to quantify consistently, and "module length" does not contribute significantly to module improvement. Therefore, we choose "factory manufacturing ratio" and "weight of frames per unit area" as the final CTQs.
DERIVATION OF DESIGN CONCEPTS
Based on the selected CTQs in the previous section, key functions are derived to design a new modular military housing unit. A correlation analysis between the quality characteristics and key functions is performed as shown in Table 5 . The results of the analysis indicate that highly prioritized functions are "connecting exterior panels," "connecting plumbing pipes," "waterproofing during delivery," "connecting corridor panels" and "loading on trailer." Table 6 shows possible solutions for each key function. For instance, three solutions are available for the required functions of "connecting exterior panels" and "connecting corridor panels." Possible design concepts can be developed by combining the available solutions for each key function. An example of a design concept obtained by a combination of solutions is shown in Fig. 4 . A total of five design concepts are derived by following this procedure. A Pugh matrix is created to select the optimal design among the candidates listed in Table 7 . In this table, a relative evaluation is performed on each candidate by comparing it with the design of the existing modular system for each of key criteria. The results of the table indicate that the design concept 2 is the optimal one, thus it is selected as the final design of the new military modular housing unit.
DETAILED DESIGN AND DESIGN VERIFICATION

Detailed Design
In this section, a detailed design is created based on the concept derived in the previous section. The military housing unit for a single person is designed to have the same size as the factorybuilt module with a width of 3.3 m. Windows and pipe shafts are included in the unit to maximize the factory manufacturing ratio. Table 8 presents the results of a detailed unit room design. The cross-sectional details of the representative example are given in Table 9 . The sloped roof frame is integrated into top story units to minimize the weight of frames per unit area while increasing the factory manufacturing ratio. The detailed frame design of the representative example is illustrated in Table 10 . As shown in the table, four types of unit frames are assembled to form a single frame unit, and the double-sided corridor is attached on the side of the module in the form of a cantilever. In addition, duplicated column sections are eliminated to optimize the design of frame modules. Fig. 6 shows the plan and bird-eye view of the final design of the representative military housing units, which has 20 modular unit rooms and is constructed by combining totally 29 modular units.
Design Verification
In this section, a design verification is performed on the final product of the military housing units developed in the previous section. The adequacy of the developed system is investigated by evaluating the achievement of the target levels of the two final CTQs listed in Table 4 . The results of the verification are summarized in Table 11 .
The achievement level of the first CTQ, which is the factory manufacturing ratio, is assessed based on the ratio of manufacturing cost to total construction cost excluding foundation and transportation. The results of the table indicate that the factory manufacturing ratio of the final product is 75.2 %. Considering that the corresponding value of the existing modular military housing units is 42.9 %, it is almost 80 % improvement, and exceeds the target value, which is 70 %. This is possible mainly because most of the piping lines and internal finishing are manufactured in the factory, thus resulting in better product quality. The weight of frames per unit area of the developed modular system, which is the second CTQ, is 0.60 kN/m 2 , which is also greater than the target value, 0.59 kN/m 2 . This is only 62 % of the corresponding value of the existing modular system. Consequently, the results of the comparison show that the use of the new modular units not only reduces construction cost significantly, but also greatly improves the quality of construction.
CONCLUDING REMARKS
In this study, we proposed a systematic approach for the design of modular military housing units based on Six-Sigma concept. The application of the Six-Sigma to modular military housing units allows customers' needs to be reflected on the CTQ, which summarizes the main design requirements, and the design concept of the modular units can be developed based on the derived CTQs. To evaluate the effectiveness of the proposed approach, a representative example of military housing units was chosen and designed by utilizing the new modular units developed through this procedure. The weight of frames per unit area and factory manufacturing ratio of the new design were analyzed. If compared to the existing modular system, the former is improved by 80 %, and the latter is reduced by 62 %. This indicates that the use of the new modular units not only reduces construction cost significantly, but also greatly improves the quality of construction. Table 1 . Requirements of potential customer groups. Table 2 . Priority rating on the customers' required qualities. Table 3 . Correlation analysis between customers' required qualities and quality characteristics. Table 4 . Target levels of the potential CTQs. Table 5 . Correlation between the quality characteristics and key functions. Table 6 . Possible solutions for each key function. Table 7 . Derivation of the final design concept using a Pugh matrix. Table 8 . Detailed unit room design of the representative example. Table 9 . Detailed cross-sectional design of the representative example. Table 10 . Detailed frame design of the representative example. Table 11 . Verification on the designed final product. Table 5 . Correlation between the quality characteristics and key functions. Sol ii: Deliver one module at a time. 
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Results
Plan drawing of a unit room. Expected effects Enhanced cost-effectiveness due to reduced story height.
Plan drawing of a unit room. Table 10 . Detailed frame design of the representative example.
Key functions considered: -Connecting corridor panels.
-Loading on trailer.
Design factor Design of frames.
Definition
Design of frames of the representative example. To be -Use four different modules.
-Use roof structure integrated modules.
-Use cantilevered corridor modules.
-Deliver two modules at a time.
M1 module M2 module M2-1 module
M1-1 module
Design Point Optimize frame composition using four different modules.
Expected effects
Minimize the weight of frames per unit area.
Results
Structural drawings for four different types of modules. 
